Sperm cells have been isolated from pollen of maize (Zea mays L.) and purified with Percoll density centnfugation. Their flow cytometric characteristics were determined on a FACScan flow cytometer with the fluorescent dyes, fluorescein diacetate and propidium iodide. Freshly isolated sperm cells appeared as a dot cluster on the forward scatter and side scatter dot plot. This dot cluster contained 85 to 95% of the 10 thousand counts collected. More than 98% of cells from the cluster were fluorescein diacetate positive, with no propidium iodide positivity, indicating high cell viability. After 5 hours in 15% (w/v) sucrose at room temperature (230C), scattering properties, cell number, and percentage of fluorescein diacetate-positive cells remained the same. In contrast, Brewbaker and Kwack salts in 15% sucrose resulted in the emergence of a new cell population, as well as a decrease in cell number at 5 hours. Further investigations with individual components of the Brewbaker and Kwack salts showed that calcium was mainly responsible for the deleterious effects. These results demonstrate the utility of flow cytometry as a tool to determine viability and to monitor morphological changes of plant sperm cells and to challenge current views on the ability of Brewbaker and Kwack salts to maintain viability of isolated sperm cells.
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To circumvent prefertilization barriers in interspecific hybridizations, direct fusion of isolated sperm with egg cells has been suggested to create new species. For instance, Jensen et al. (10) proposed a protocol for transferring isolated sperm cells to an egg apparatus to increase the taxonomic distance that can be bridged. Recently, electrofusion of sperm cells and egg protoplasts was reported by Kranz et al. ( 12) . In these fusion studies, isolated sperm cells may also be considered as gene vectors to produce genetically transformed plants. Therefore, isolation and maintenance of viable sperm cells are necessary.
Sperm cells have been isolated and purified from Beta vulgaris (17) , Brassica napus (14) , Plumbago zeylanica (23) , Spinacia oleracea (27) , and Zea mays (2, 4, 16, 21, 28) . Protocols (21) . In their protocols, BKS2, which have been documented as essential salts to pollen germination and pollen tube growth (1), were recommended. Roeckel et al. (21) To develop a fast and accurate technique for determining viability of sperm cells and evaluating the present protocols for sperm isolation, sperm cells were isolated from pollen grains of Z. mays, and flow cytometric characteristics were determined using a FACScan flow cytometer. This is the first report of which we are aware of the use of flow cytometry in the study of sperm cells in plants.
MATERIALS AND METHODS

Preparation of Plant Material
Seeds of maize ( 
Hemacytometric Quantification of Isolated Sperm Cells
Hemacytometry was used to monitor changes in the number of isolated sperm cells. Cell numbers were counted with a Zeiss microscope using a x25 phase-contrast objective after 1, 2, 4, 8, and 12 h of suspension in 15% sucrose with or without BKS. Cell numbers were expressed as a percentage of cells remaining relative to the number at time 0 (100%).
RESULTS
Flow Cytometric Characteristics of Isolated Sperm Cells
Microscopic examinations of isolated sperm cells showed a clean isolation with few starch grains (Fig. IA) . The cells were dark spheres under phase-contrast microscopy. Micrometer measurements gave cell diameters of 7.3 ± 0.6 ,um. Flow cytometric analysis showed that the cell preparation contained four populations as observed on the FSC and SSC dot plot ( Fig. 2A, gates 1-4) . The dot cluster in gate 1 accounted for 85 to 95% of total counts, with a MFS of 78 and a MSS of 43. This population appeared as a major peak on the threedimensional histogram (Fig. 2B) . Gate 2 accounted for about 10% of the total counts, with a MFS of 16 and a MSS of 45 ( Fig. 2A) . One to 2% of the total counts had high SSC and spread on the top of the plot (Fig. 2A, gates 3 and 4) . These were derivatives from the last two populations.
FDA and PI response showed that sperm cells isolated using 15% sucrose as the bursting and isolation medium were viable.
There was no FLl signal before FDA staining. After FDA staining, there was a fluorescence peak accounting for 85% of the total counts between channels 100 and 200, with a mean channel of 152 and a peak channel of 157 (Fig. 3A) . Gating analyses show that this fluorescent peak resulted from the dot cluster in gate 1 of Fig. 2A . Ninety-five to 98% of counts in the dot cluster were FDA positive. Furthermore, 99% of derivatives from the dot cluster as observed in gate 3 were FDA positive. In contrast, 85 and 90% of the counts in gate 2 were FDA negative, indicating that most counts in these populations were cell debris (Fig. 3A) . No FDA positivity was found in gate 4, the derivatives of gate 2 (data not shown). PI staining did not increase FL2 signal in the dot cluster compared with that of unstained cells (Fig. 3B) . When double stained with both FDA and PI, more than 96% of the counts from the dot cluster appeared in quadrant 4, the FDA-positive region of the quadrant statistics. Only 0.1% were in quadrant 1, the PI-positive region (Fig. 3C ). These results suggest that the dot cluster on FSC and SSC dot plots represents viable cells. Further analyses focused on this population. Nonviable cells showed distinctive patterns of light scattering. When damaged by brief heating, cells showed an increase in cell size, coagulation of cytoplasm, and cell lysis (Fig. 1 B) . Flow cytometry showed that the dot cluster shifted to a higher SSC region (Fig. 2, C and D) compared with undamaged cell preparations (Fig. 2, A and B (Fig. 3D) . These results show that flow cytometry with FDA and PI staining provides an accurate means of evaluating viability of plant sperm cells.
Evaluation of the Effect of BKS on Viability of Isolated Sperm Cells
Previous studies showed that BKS were essential to pollen germination and pollen tube growth (1), as well as maintenance of viability of isolated sperm cells (21) . To evaluate the effects of BKS on viability of Z. mays sperm cells, freshly isolated cells were placed in 15% sucrose with or without BKS, and light-scattering properties were determined after 1 and 5 h. Compared with cells in 15% sucrose (Fig. 4A) , addition of BKS did not affect FSC and SSC of these cells in 1 h (Fig. 4C) . After 5 h, the FSC and SSC of cells from 15% sucrose remained unchanged (Fig. 4B) . However, a new cell population with a higher FSC (165 in MFS) and higher SSC (92 in MSS) appeared in the BKS treatment (Fig. 4D, gate a) , suggesting that BKS induced changes in cell morphology. The new population accounted for 1 % of the total cells. Determination of the effects of individual salts from the BKS showed that Ca(NO3)2 was primarily responsible for the new cell population found with BKS (Fig. 4E, gate a) . Some of the cells from the dot cluster shifted toward the higher SSC region when cells were treated with MgSO4 after 5 h in suspension (Fig. 4F) . No noticeable differences were found with KNO3 or H3BO3 (Fig. 4, G and H Analysis of cell numbers remaining after 5 h of suspension distinguished between treatments with or without BKS. Whereas the cell number in the dot cluster remained the same after 5 h suspension in 15% sucrose, the cell number decreased by 40% in the presence of BKS (Fig. 5A) . Further investigations with individual salts showed that the cell number decreased by 23% in the presence of Ca(NO3)2; no statistical differences were found with other salts compared with 15% sucrose (Fig. SA) . Effects of BKS were confirmed by hema- cytometric studies. When cells were suspended in 15% sucrose, cell numbers remained unchanged for 8 h. However, the percentage of remaining cells decreased by 28% after 12 h. In contrast, decreases of 24, 38, and 62% were observed after 4, 8, and 12 h, respectively, in the presence of BKS (Fig.  SB) . These results challenge the present views on the adequacy of the BKS for maintenance of viability of isolated cereal sperm cells.
DISCUSSION
During flow cytometric analyses, sperm cells isolated from Z. mays pollen appeared as a condensed dot cluster on the FSC and SSC dot plots. FDA positivity and PI negativity indicate that cells prepared using 15% sucrose alone as the bursting, isolation, and suspension media are viable cells. Furthermore, the FDA positivity and PI negativity of these live cells and PI positivity and FDA negativity of heat-damaged cells collectively showed the utility of flow cytometry as a means of evaluating viability of isolated plant sperm cells. Information concerning morphological changes can also be obtained with flow cytometry, as reflected in changes in FSC and SSC. These morphological parameters are more sensitive than differences in the intensity of fluorescence between experimental treatments. Furthermore, changes in the number of counts in the dot clusters can also provide useful information concerning changes in numbers of intact cells.
Results from analyses of light-scattering properties as well as hemacytometry suggest that BKS may not be appropriate for maintaining maximal viability ofisolated sperm cells from 
